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§ Indications for new Higgs bosons at the LHC (local significance ~3𝜎) (see [Biekötter et al, 2021] )
§ Resonances at around 400 GeV:

§ 𝐴 → 𝑡 ̅𝑡  [CMS, 2019]

§ 𝜙 → 𝜏!𝜏" [ATLAS, 2020]

§ Resonances at around 96 GeV:

§ 𝑝𝑝 → 𝜙 → 𝛾𝛾 [CMS, 2018]

§ 𝑒!𝑒" → 𝑍𝜙 → 𝑏/𝑏 [LEP, 2003]
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WHY FOUR HIGGS DOUBLETS?



§ (N)MSSM does not offer enough flexibility in the couplings to fit all excesses 
simultaneously due to the type II like Yukawa structure [Biekötter et al, 2021]

§ Our goal: building a SUSY model with “private“ Yukawa couplings
§ Each type of matter couples to its “own“ doublet 

§ Minimal doublet extension adds two doublets (with opposite hypercharge) to 
preserve anomaly-cancellation

§ Can this model fit all excesses?
§ Today: only first steps towards the SUSY model
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Why four Higgs doublets?
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§ Adding two Higgs superfields ( 1𝐻#$, 1𝐻%$) with the same charges under 𝑆𝑈 2 &×𝑈 1 ' as 
the MSSM superfields.

§ Superpotential:

§ Scalar part of superfields: 
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HIGGS SECTOR OF THE SUPERSYMMETRIC 4HDM
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HIGGS POTENTIAL

§ 12 (real) parameters in the potential + 3 angles from the vev parametrisation

[Gupta and Wells, 2009]
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HIGGS POTENTIAL

§ 12 (real) parameters in the potential + 3 angles from the vev parametrisation
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MINIMIZING THE POTENTIAL: THE TADPOLE EQUATIONS

𝜆 =
𝑔! + 𝑔"!
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§ Tadpole equations are easily solvable for soft-breaking mass terms
§ But: we lose control over leading contributions to the mass matrix diagonal elements
§ No viable analytical solution for other parameters

§ Eliminate 4 parameters with 4 equations:
§ 15 − 4 = 11 free parameters in the Higgs sector
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§ Tadpole equations are easily solvable for soft-breaking mass terms
§ But: we lose control over leading contributions to the mass matrix diagonal elements
§ No viable analytical solution for other parameters

§ Eliminate 4 parameters with 4 equations:
§ 15 − 4 = 11 free parameters in the Higgs sector

MINIMIZING THE POTENTIAL: THE TADPOLE EQUATIONS
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MASS MATRIX FOR CP-EVEN HIGGS

with

𝜆 =
𝑔! + 𝑔"!
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§ Rotate into mass basis as usual

§ Mass matrix: real and symmetric

§ 6 mixing angles each

§ Obtain masses via orthogonal transformation

§ 13 physical Higgs bosons
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Diagonalizing the mass matrices
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UPPER BOUND FOR THE LIGHTEST HIGGS MASS

At tree level:

Figure 1:
Upper bound for lightest 
Higgs mass as function of 
tan 𝛽 and tan 𝜔

tan 𝛽

ta
n
𝜔
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§ Let [Arroyo-Urena et al, 2019]

§ Calculate Higgs-fermion interactions (e. g. with SARAH [Staub et al, 2019] )

§ Define the effective coupling:

§ 𝑅( : respective Higgs mixing matrix
§ can be calculated numerically
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HIGGS-FERMION COUPLINGS IN THE PRIVATE TYPE 4HDSSM



§ Let [Arroyo-Urena et al, 2019]

§ Calculate Higgs-fermion interactions (e. g. with SARAH [Staub et al, 2019] )

§ Define the effective coupling:
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HIGGS-FERMION COUPLINGS IN A PRIVATE TYPE 4HDSSM VS MSSM
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HIGGS-FERMION COUPLINGS IN A PRIVATE TYPE 4HDSSM

§ For future work: full analysis of the production processes

§ Requirements for 𝑚( ≈ 400 GeV [Biekötter et al, 2021]

Sizable  𝐵𝑅(𝜙 → 𝜏!𝜏")

§ Detailed analysis requires e. g. Monte Carlo Scan

§ Effective Yukawa couplings in the 4HDSSM offer more flexibility due to dependence on 
additional angles



SPECTRUM
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How to find a parameter point (in four easy steps) (1)

1. Implement 4HDSSM in SARAH [Staub et al, 2019] 

2. Implement 4HDSSM in FlexibleSUSY [Athron
et al, 2017]

3. Use CMSSM-like boundary conditions in 
the SUSY-sector but the full parameter 
space in the Higgs sector

4. Play around with parameters to find 
useful ranges & define exclusion limits
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How to find a parameter point (in four easy steps) (2)

§ Exclusion limits:
§ Potential bounded from below

§ Perturbativity
§ Sparticle searches
§ 125-GeV Higgs

§ 400 GeV pseudoscalar

[Particle Data Group]

> 𝑠)*+

LHC limits
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SPECTRUM OF THE
4HDSSM

Figure 2:
Spectrum of the 
4HDSSM, calculated 
with FlexibleSUSY 2.7 
[Athron et al, 2017]
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RUNNING OF THE GAUGE COUPLINGS

Fig 3: Running of the gauge 
couplings in the 4HDSSM at 
1 and 2 loop-level calculated 
with FlexibleSUSY 2.7 [Athron et 
al, 2017]



§ SUSY 4HDM offers new flexibility in fermion couplings compared to MSSM

§ Future work:
§ Implement Monte Carlo Markov Chain to investigate the parameter space 

in detail

§ Calculate production cross sections
§ Analyse the Higgs sector in HiggsTools [Bahl et al, 2022]

§ Add a singlet and investigate the 96 GeV excesses
§ Build future linear collider and find more Higgs

§ Could be a promising candidate to explain excesses 
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Conclusion & Outlook
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THE END

Foto: Midjourney
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LITERATURE (EXCESSES)
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LITERATURE (EXCESSES)
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LITERATURE (SARAH)
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LITERATURE (FLEXIBLESUSY)
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LITERATURE



§ SUSY 4HDM offers new flexibility in fermion couplings compared to MSSM

§ Future work:
§ Implement Monte Carlo Markov Chain to investigate the parameter space 

in detail

§ Calculate production cross sections
§ Analyse the Higgs sector in HiggsTools [Bahl et al, 2022]

§ Add a singlet and investigate the 96 GeV excesses
§ Build future linear collider and find more Higgs

§ Could be a promising candidate to explain excesses 
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Conclusion & Outlook
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APPENDIX A: UPPER BOUND FOR THE LIGHTEST HIGGS MASS

Fig B1: Upper limit 
for the lightest Higgs 
mass for different 
tan 𝛼
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APPENDIX B: MASS MATRIX FOR CP-ODD HIGGS

with

𝜆 =
𝑔 + 𝑔"!
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APPENDIX C: MASS MATRIX FOR CHARGED HIGGS



§ 𝐌2 in general hermitian, here: real and symmetric

§ Can be diagonalized with an 4×4 orthogonal matrix 𝑅:
diag 𝑚,#

$ , 𝑚,$
$ , 𝑚,%

$ , 𝑚,&
$ = 𝑅-𝐌$𝑅

§ Parametrize 𝑅 as [Dita 2001]:

𝑅 = 𝐽.,0(𝜗1) 𝐽$,.(𝜑1)𝐽1,$(𝜙1)𝐽.,0(𝜗$)𝐽$,.(𝜑$)𝐽.,0(𝜗.)

§ 6 different mixing angles
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APPENDIX D: BRUTE FORCE ANSATZ FOR DIAGONALIZATION

with
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Appendix E 

∝ 𝑐!"" ⋅ 𝑦" ∝ 𝑐!## ⋅ 𝑦#

To compensate 𝑦6 ≫ 𝑦7 → 𝑐(877 ≫ 𝑐(6̅6 to obtain 
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APPENDIX F: PARAMETER EVOLUTION IN THE CMSSM

Figure F1:
Running soft-breaking 
parameters in the 
cMSSM



§ Pure SUSY: Bounded from below by design, but we include soft-breaking!

§ Potential is bfb if the leading (quartic) terms are positive for arbitrary field values

§ Consider D-flat direction of potential:

§ The quartic terms vanish in this direction, behaviour is determined by the quadratic terms

§ The quadratic terms are positive if   
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APPENDIX G: BOUNDNESS FROM BELOW IN DETAIL
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APPENDIX H: 𝑨𝟎 AND THE HIGGS MASS

Fig. H1: 
Influence of 𝐴: on the 1-loop 
Higgs mass
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APPENDIX I: BOUNDARY CONDITIONS

§ Low scale: 𝑄'() = 𝑀*

§ Input: {tan𝛽, tan𝛼 , tan𝜔}

§ SUSY scale: 𝑄+,+- = 𝑚./!𝑚./"

§ Input: {𝜇00, 𝜇0!, 𝜇!0, 𝜇!!, 𝑏00, 𝑏0!, 𝑏!0, 𝑏!!} 

§ High scale: 𝑄1,2 = 𝑄 𝑔0 = 𝑔!
§ Input: {𝑚3, 𝑚0/!, 𝐴3}
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APPENDIX J:
SPECTRUM
INSIGHTS

Figure J1:
Spectrum of the 
4HDSSM, calculated 
with FlexibleSUSY 2.7 
[Athron et al, 2017]
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